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EDITORIAL REVIEW
Metabolic production and renal disposal of hydrogen ions
The traditional approach to acid-base balance, namely, that
the metabolism of certain dietary amino acids generates nonvol-
atile acids (H2S04 HCI)' and that this acid load is simply
excreted in the urine in the form of titratable acid and ammoni-
urn (NH4) is at best only partially correct, and is, in some
respects, misleading. In fact, the metabolic generation of these
nonvolatile acids is normally compensated within the body by
metabolic processes which remove protons. In this discussion
we shall describe these latter metabolic processes to clarify the
biochemical basis underlying net acid elimination by the kid-
ney. The discussion will be divided into three sections: the
metabolic generation of nonvolatile acids, their metabolic con-
sumption, and finally, the quantitative role of titratable acid
excretion in this regard.
Metabolic generation of nonvolatile acids
In general, the metabolism of dietary constituents liberates
hydrogen ions when a nutrient is converted into a metabolic
product which contains a greater net anionic charge. Thus, the
oxidation of most carbohydrates or of triglycerides to exhaled
carbon dioxide and water generates no acid, since it represents
the conversion of uncharged substrates into uncharged prod-
ucts. An exception would be the formation of lactate anions
from carbohydrate during hypoxic states or the formation of
ketone bodies from fats in diabetes mellitus in poor control,
conditions which we will not discuss further here. We shall
instead focus on the metabolism of dietary protein because
normally the bulk of the nonvolatile acid generated metabolical-
ly arises when amino acids are catabolized in the liver. The role
of acid-phosphate production will be discussed in the section on
titratable acid excretion.
'A metabolic pathway has been defined as the conversion of a
substrate into its final end-product [I]. The pathway need not occur
only in one organelle or even one organ for that matter. For example,
the conversion of dietary carbohydrate to adipose tissue triglyceride
includes flux through glycolysis, pyruvate dehydrogenase, part of the
TCA cycle and the cytoplasmic fatty acid, and triglyceride and lipopro-
tein synthetic pathways in the liver as well as lipoprotein lipase and the
triglyceride synthetic pathway in adipocytes. With respect to the acid-
base aspects of this pathway, we would not think it advantageous to
separate individual components and draw unnecessary attention to the
fact that 2 moles of pyruvic acid were both synthesized and destroyed in
this pathway when 180 g of glucose are metabolized to adipose tissue
triglyceride. The metabolic pathway concerning nitrogen would be the
conversion of the substrate (dietary or tissue proteins) via the metabolic
intermediates amino acids, bicarbonate, and NH4 to the end product
urea (and, to a small extent, urinary NH4 and uric acid). Components
of the above pathway occur in the gastrointestinal tract, liver, kidney,
and possibly other tissues as well. Our approach differs from that of
Atkinson and Camien [21 in that these authors considered the amino
acid conversion to bicarbonate and NH4 and the urea synthesis
pathway separately. While both approaches are correct, we prefer the
former because it placed the overall role of the kidney in acid-base
balance in a better perspective.
Most amino acids are metabolized primarily in the liver,
thereby sparing other organs the need of synthesizing the great
multitude of enzymes needed to generate ATP from a complex
mixture of amino acids. Liver does not, in general, simply
combust dietary amino acids to carbon dioxide and water; the
ATP so produced might far exceed the energy needs of that
organ while other tissues were inadequately nourished. Instead,
liver metabolizes amino acids by converting their carbon, in so
far as possible, to glucose or triglyceride. Some energy is
conserved as ATP during these conversions, but the bulk of the
calories present originally as dietary protein is thereby made
available to peripheral tissues as the glucose or fat is later
exported from the liver.
Thus the major process involved in the metabolism of the
neutral amino acids by the liver is the following:
Amino acid° —÷ Glucose° (or Triglyceride0) + Urea°
where superscripts are used to emphasize the net charge on the
reactants. No net generation of acid results.
Nonvolatile acids are produced when a neutral amino acid is
converted into an anion; this will occur when sulphur-contain-
ing amino acids are converted into sulphate anions (that is,
sulphuric acid is produced):
Met° or Cys° —* Glucose° (or Triglyceride0) + Urea° + S04
+ 2 H
If we consider an individual consuming 3300 kcal daily, with
45% as carbohydrate, 40% as fat and 15% as protein, this
represents an intake of approximately 1000 mmoles of amino
acid residues daily. Assuming a typical blend of proteins is
eaten, for example, beefsteak, this will provide the liver with
some 12 mmoles of cysteine and 24 mmoles of methionine and
therefore generate about 72 mEq of sulphuric acid daily.
A second metabolic process converts cationic amino acids
(lysine, arginine, and some histidine residues) into neutral
products and generates mostly hydrochloric acid:
Arg — Glucose° (or Triglyceride0) + Urea° + H
Lys — C02° (or Triglyceride0) + Urea° + H
At the pH of the normal diet, these basic residues in proteins
will carry an anionic counterion, mainly Cl; following diges-
tion and absorption these residues will be presented to the liver
as chloride salts. Following through with our example, the
beefsteak consumed will contain about 123 residues of lysine
plus arginine and their metabolism will generate 123 mEq of
strong acid daily. In addition, about half of the 30 residues of
histidine ingested will be present as cations at neutral pH,
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Diet 2H* + SO for example
Glutamine - Carboxylate anion + 2 NH
Carboxylate anion + 2 H Glucose + CO2
Excrete 2 NH + SO in the urine
Fig. 1. Steps in the metabolic consumption of hydrogen ions. For a
detailed description, please see the text.
adding another 15 mEq of HCI from their metabolism. The total
acid load arising from cationic amino acid metabolism in the
liver is thus estimated at about 138 mEq per day.
In contrast to the above, the metabolism of anions to neutral
end-products will remove hydrogen ions. Again, following
through on the above example of protein metabolism, 100
mmoles of anionic amino acids (glutamate and aspartate but not
their amide derivatives glutamine and asparagine) will be me-
tabolized, thereby removing 100 mmoles of hydrogen ion. To
this hydrogen ion removal segment, one must add the contribu-
tion of the other dietary organic anions which are oxidized to
neutral end products, mainly carbon dioxide, glucose, and
triglyceride, in the liver. Examples would include acetate,
lactate, malate, citrate, gluconate, glucuronate, and so forth. It
is difficult to estimate the quantity of these anions in typical
American diets, but we shall assume a value of 60 mEq per day.
Since their metabolism will consume acid:
Lactate + H —* Glucose° (or Triglyceride0) + C02°
the net daily production of metabolic acid by the liver per day is
thus expected to be about 50 mEq (that is, 72 + 138 — 100 — 60
= 50). Should some of these anions be metabolized by intestinal
flora rather than the liver, the net effect on body acid-base
balance would, of course, be the same.
The net result of the production of these strong nonvolatile
acids by the liver will be a reduction in the bicarbonate
concentration of hepatic venous blood and an elevation in the
Pco2. While the latter will be corrected in the lungs, it is the task
of the kidney to restore the bicarbonate levels of the plasma.
Metabolic consumption of nonvolatile acid
Although neither sulfuric nor hydrochloric acid can be de-
stroyed directly by metabolic processes, the body can achieve
their removal indirectly utilizing hydrogen ion-consuming reac-
tions (Fig. 1). This is possible because at the pH of plasma, even
weak acids are virtually totally dissociated (all have a pK less
than 6). Thus, if a carboxylate anion is produced (without a
hydrogen ion) (reaction 2 of Fig. 1 and reaction I of Fig. 2) and a
carboxylic acid is consumed in a quantity equivalent to the daily
net acid production outlined above (reaction 3 of Fig. I and
reaction 3 of Fig. 2), a normal plasma bicarbonate concentration
will be maintained. In summary, it is the task of the kidney to
produce a carboxylic acid anion and then consume carboxylic
acid. (Of course, the kidney must also deal with the cation
NH4).
There are two types of enzymatic reactions known by which
carboxylate anions can be destroyed and both are utilized by
the kidney. These are decarboxylation and reduction to an
aldehyde:
RCOO + H - RH + C02°
RCOO + H + 2 H -* RCHO + H2O
We have chosen to write the reactions in the above simplified
form to make it easier to focus on the essential features of the
reactions. In fact the carboxylic acids involved may be phos-
phorylated species and their degree of phosphorylation may be
altered during the metabolic step of interest. Of course, the
reduction step involves pyridine nucleotides which also tend to
obscure the charge balances (and thus proton uptakes) so
obvious in the above formulations.
The required destruction of carboxylates occurs in the kidney
during glutamine conversion to uncharged end products, either
glucose or carbon dioxide, in proportions which vary from
species to species. The two possible pathways are in fact
equivalent in their net effects on acid-base balance. We begin by
considering gluconeogenesis from glutamine. It is the steps,
conversion of oxalacetate to phosphoenolpyruvate and the
reduction of l,3-diphosphoglycerate to glyceraldehyde phos-
phate, which consume the protons and thus regenerate bicar-
bonate in this pathway. The conclusion is clear. During gluco-
neogenesis from glutamine in the kidney, two protons are
removed—one for each carboxyl group destroyed.
Depending on the species, a significant portion of the gluta-
mine taken up by the kidney is converted to acetyl CoA and
oxidized through the citric acid cycle rather than being proc-
essed to glucose. Through the formation of pyruvate from
malate, a carboxyl group is destroyed. The second proton is
removed when isocitrate is decarboxylated to alpha-ketoglutar-
ate. The net result is the same as during gluconeogenesis; for
each glutamine metabolized, two protons are removed. The
overall reactions can be summarized as follows:
Glutamine° —+ 2NH + A
A= —p Glucose° or C02° + 2 HC03
The critical point to grasp is that the protons have been
removed and bicarbonate regenerated by these metabolic pro-
cesses quite independently of what happens to the ammonium
ions produced (Fig. 3). In fact these ammonium ions must be
excreted into the urine for acid-base balance. This latter proc-
ess does not directly result in the elimination of protons
generated from amino acid metabolism in the liver. The excre-
tion serves two other purposes. It leads to the conservation of
sodium or other cations, as the ammonium ions are sex-
changed" in the luminal fluid for another cation, a fact of
particular importance during ketoacidosis of fasting. Second,
this excretion prevents the ammonium ions from returning to
the liver. This is important from an acid-base point of view
because formation of urea from ammonium ions would liberate
protons (or remove bicarbonate):
2 NH4 + C02° —+ Urea° + 2 H
Thus, this step must be avoided if glutamine metabolism is to
result in the net removal of protons from the body.
The fact so often emphasized, that the ammonium ion must
first dissociate to NH3 to pass the lumenal membranes of the
tubular cells and reach the urine where it recombines again with
Fig. 2. The ammonium system: a more
detailed view. The ammonium system requires
reactions I to 3. The transfer of NH4 from
the renal cell to the urine does not directly
result in a proton loss despite the fact that
protons are involved as intermediates via the
non-ionic diffusion process. Nevertheless, the
following facts that correspond to each
reaction should be clear: (I) NH4 excretion
is quantitatively equal to renal bicarbonate
formation. (2) NH4 and not NH3 is the
product of glutamine metabolism. (3)
Hydrogen ions are removed during the
metabolism of a-ketoglutarate.
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(1) The production of a-ketoglutarate plus 2 NH
Acid balance
Fig. 3. Hydrogen ion production and removal. This figure is divided into
three horizontal sections to depict hydrogen ion production in the top
section, hydrogen ion elimination via glutamine conversion to glucose
or carbon dioxide plus ammonium ion formation in the middle section,
and the renal excretion of ammonium ions, sulphate ions, and urea in
the lower section. All reactions on the lefthand side of the figure deal
directly with hydrogen ion production or removal whereas those on the
right side of the figure are concerned only indirectly with this process.
a secreted proton (that is, non-ionic diffusion) is not, per Se,
directly critical to acid-base balance. Excreting ammonium ions
generated from the metabolism of glutamine does not in and of
itself accomplish the removal of acid from the body (that is,
generate bicarbonate, Fig. 2). If it were possible, as many
apparently suppose, to generate NH3 by some metabolic proc-
ess, and excrete the NH3 into the urine where it could combine
with a proton to form NH4 this would indeed be a method of
excreting additional acid (Fig. 4). However, there simply is no
substantial source of NH3 available. This is because the pK of
ammonia and amino groups in general is so alkaline that these
nitrogen atoms have already combined with protons at physio-
logical pH.2 In addition, the ultimate products of glutaminase
are glutamate plus NH4, not glutamic acid plus NH3 at body
pH values.
By way of emphasis, let us repeat our basic conclusion. The
metabolic generation of nonvolatile acids is normally compen-
sated within the body by metabolic processes which remove
protons. Protons are removed when carboxyl groups derived
from glutamine are destroyed by either reduction or decarbox-
ylation reactions in kidney tubular cells. Ammonium ions are
generated stoichiometrically with each carboxyl group de-
stroyed. Because these ammonium ions are then excreted into
the urine, the measurement of urinary ammonium serves as a
useful marker for the extent of proton removal occurring within
the nephron. Ammonium excretion per se, however, does not
eliminate net acid from the body. It does preserve cations and it
does prevent urea (and H) synthesis from the ammonium.
In addition to providing a broader understanding of the
process of renal hydrogen ion elimination, the above descripton
highlighted the importance of a-ketoglutarate metabolism in the
renal response to an acid load. In this regard, consider the
stoichiometry of glutamine metabolism. When 1 mole of gluta-
mine is converted to glucose, 7 moles of ATP are produced; in
contrast, 27 moles of ATP are formed when carbon dioxide is
the end product. Since the kidney can synthesize only as much
ATP as it can consume, the rate of renal ATP utilization may
limit the maximal rate of acid elimination by the kidney,
especially in those species which convert glutamine mainly to
2Among the few exceptions to this generalization are the nitrogen
atom of the indole ring of tryptophan and the rather acid amino groups
or ring nitrogen atoms found in nucleic acid bases. Quantitatively,
however, the metabolism of these substances can yield only very small
amounts of NH3 per day—far too small for them to play an important
role in overall acid-base balance. The diet we are considering would be
expected to contain only 8 mmoles of tryptophan, for example. Since
dietary purines are apparently not absorbed from the gut, they also
could not participate in such a process.
0 0 0
II
C—NH2 C—OH
p1-17
1-120 +NH3 +NH
Glutamine Transient' Glutamate
(2) 2 NH renal cell 2 NH urine
(3) n-Ketoglutarate Glucose + CO2 + 2 HCO3
— C — 0-
+ NH
- C - 0-
s-Ketoglutarate
A H production
B H* elimination
Glucose or CO2
C Urine excretion
2NH4+ SO4 Urea
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Fig. 4. Hydrogen ion removal associated with ammonium excretion.
The traditional view of ammonium excretion presented in many texts is
outlined on the left side of the figure. The excretion of ammonium is
described as the process by which hydrogen ions are eliminated. In the
adjusted analysis on the right side, we emphasize that ammonium ion
(NH4) and not ammonia (NH3) is the product of glutamine and
glutamate metabolism; hydrogen ions are actually removed when a-
ketoglutarate is metabolized to neutral end-products. In acid-base
terms, ammonium ion (NF14) excretion prevents hydrogen ion forma-
tion in the liver (urea + H synthesis).
carbon dioxide. For example, we have calculated that the
maximal rate of renal ammoniagenesis in chronic metabolic
acidosis is probably limited by the rate at which ATP is
consumed to support ion transport and hence may be deter-
mined ultimately by the filtered load of sodium [31. It is in these
further extensions of the biochemistry of renal ammoniagenesis
that the approach outlined here becomes especially valuable.
Significance of titratable acid excretion
The major constituent of titratable acid in the urine is
H2P04. For this excretion, HP04 must be filtered at the
glomerulus and escape reabsorption by the tubules and then be
converted into H2P04 by hydrogen ions secreted by tubular
cells (H2P04 is formed primarily in that nephron segment
which lowers the luminal pH to less than 6.8).
To analyze whether this excretion of H2P04 participates in
the elimination of the hydrogen ion load produced from protein
oxidation, the origin of dietary phosphates must be examined. If
the dietary phosphate was HPO4= (or its equivalent) and it was
excreted as H2P04, this would lead to the elimination of part
of that acid load. In contrast, if dietary phosphate was in the
form of H2P04 (or its equivalent), titratable acid excretion
could not participate in the elimination of the protons produced
from protein oxidation.
To deduce whether dietary phosphate will be in the form of
HP04 or H2P04, one must know the pH of the dietary intake
and the chemical form of ingested phosphate (mono- or di-
esters, the pK of the phosphate groups). Consider the following
cases: first, inorganic phosphates or phosphate mono-esters
will contain, after metabolism, a mixture of HP04 and
H2PO4. If the food ingested is at pH 6.8 (milk for example),
half of the inorganic phosphates will be in each form. In
contrast, in cells with an intracellular fluid pH of 7.1, two thirds
of the inorganic phosphate will be in the form of HPO4=;
alternatively, if the pH were 5.8 (that is, in certain fruits), only
Table 1. Dietary contribution to titratable acid excretiona
Source
Protein
g
Phosphate
mg P
H2PO/HPO
mmoles/mmole
Meat (muscle) 83 880 14/14b
Milk 7 180 214c
Fruits and vegetables 10 140 4/Id
Total 100 1200 20119a
a A typical North American diet would contain approximately 100 g
of protein and 1200mg of phosphate. A representative diet is illustrated.
b In muscle, ATP = 6 mmoles/kg, creatine phosphate = 23 mmoles/
kg, inorganic phosphate = 4 mmoles/kg, DNA + RNA = 8 mmoles P1
kg, phospholipid = 12 mmoles P/kg, pH 7.1. Calculations were per-
formed using the pK values outlined in the text and the data summa-
rized in [4, 51.
Serine phosphate residues represent one third of phosphates; the
remainder are predominantly complexed with calcium in an unknown
form [6, 71. For simplicity we have selected this ratio but we cannot be
certain of its validity.
d The pH of fruits are probably much below the pK of phosphate.
For comparison in liver for example, the ratio of H2PO/HPO
would be 37/3 because the di-esters of phosphate are much higher and
creatine phosphate much lower in content as compared to muscle.
10% of the inorganic phosphate would be in the HP04 form.
Second, phosphate di-esters (for example, phospholipids or
nucleic acids), when metabolized produce only H2P04. Third,
creatine phosphate has a pK of 4.5; hence, virtually all of its
phosphate is divalent in vivo. Finally, certain compounds, such
as ATP, contain a mixture of mono- and di-esters of phosphate.
If 3 mmoles of ATP (pK = 6.5) in cells at pH 6.9 were
metabolized, (9 mmoles of phosphate), then approximately 7
mmoles of H2P04 and 2 mmoles of HP04 would be formed
from this compound.
Utilizing the above principles, we calculate that almost half of
the 30 mmoles of phosphate absorbed and excreted each day
entered the extracellular fluid as H2P04 or its equivalent and
therefore this component of titratable acid cannot function as an
important vehicle for the net elimination of hydrogen ions
produced by protein oxidation (Table I). This underscores the
quantitative importance of the three steps in the ammonium
system described in Figure 2 which ultimately lead to a removal
of these hydrogen ions.
Concluding remarks concerning net acid excretion
It is correct to state that ammonium ion excretion is not a
significant pathway of actual hydrogen ion excretion; however,
clinicians can still utilize this information to indicate the quanti-
ty of hydrogen ions eliminated by the kidney. The excretion of
urine containing a greater proportion of H2P04 to HP04 than
exists in the blood does result in actual hydrogen ion elimina-
tion in the urine. However, the clinician must recognize that
part of the excess H2P04 excreted was derived from dietary
constituents and hence does not represent the excretional
protons produced by other endogenous hydrogen ion producing
pathways. In summary, net acid excretion rates as normally
Urine
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